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Background
The study of spinel ferrite is of great importance from both the fundamental and the applied research points of view. High resistivity, low dielectric losses, mechanical toughness, and chemical stability make them very promising candidates for high-frequency applications [1] [2] [3] [4] . Also, as most of the properties needed for ferrite application are not intrinsic but extrinsic, the preparation of ferrites with optimized properties has always demanded delicate handling and cautious approach. The ferrite is not completely defined by its chemistry and crystal structure. Thus, in order to reduce the losses, many parameters such as density, grain size, porosity, and their intra-and intergranular distributions must be controlled [5] . Optimum sintering temperature is of great importance as sintering influences both densification and grain growth, and many magnetic and electrical properties benefit from both a high relative density and a small grain size. This opens the doors for tailoring given properties by careful synthesis of the building blocks (atoms and molecules) and their assembly to fabricate functional materials with improved properties.
This new class of materials is used in important applications such as high-frequency transformers, ferrofluids, pigments in paints and ceramics, biomedical applications like drug delivery system, hyperthermia, NMR, highdensity magnetic recording, varistors, and dye-sensitized solar cells [6] [7] [8] [9] [10] . In this study, the effects of sintering temperature on apparent density and transport properties of the NiFe 2 O 4 are investigated.
Methods
Polycrystalline NiFe 2 O 4 was prepared through the solidstate reaction using conventional double sintering ceramic technique from nanosize powder of NiO and Fe 2 O 3 which were synthesized by wet chemical method. After thorough mixing, the powder was presintered at 800°C for 3 h. The presintered ferrite powder was crushed and mixed with 1 wt.% polyvinyl alcohol (PVA) as a binder and uniaxially pressed into toroid and pellets. The compacts were successively sintered in a muffle furnace in air from the temperature range of 1,000°C to 1,400°C for 4 h to eliminate the PVA, and finally, the furnace was cooled down to room temperature.
The bulk densities of the pellets were determined by measuring the volume and mass after sintering. DC electrical resistivity was measured up to 300°C temperature using Keithley model 6514 electrometer (Keithley Instruments Inc., Cleveland, OH, USA). Frequency-dependent dielectric constant of the pellet samples has been measured by an inductance analyzer named WAYNE KERR INDUCTANCE ANALYZER 3255B (Wayne Kerr Electronics Inc., Woburn, MA, USA).
Results and discussion Figure 2 shows the dependence of apparent density of the samples on sintering temperature. It is clearly observed that the density increases with increasing the sintering temperature and saturates at 1,200°C, and consequently, the pores decrease through diffusion kinetics, which is clear from the scanning electron microscope (SEM) micrographs of the prepared samples in Figure 3 .
High resistivity is a prerequisite for high-frequency applications to counter the eddy current losses, and ferrites have higher resistance than metals by several orders of magnitude, which degrade the ferrite performance. In Figure 4 , DC electrical resistivity, as a function of inverse temperature, has been presented which shows the semiconducting behavior of the prepared ferrite.
In Figure 5 , the resistivity is seen to vary with sintering temperature. Decrease in resistivity with increase in sintering temperature may be attributed to the microstructural factors such as grain size, porosity, grain boundary area, as well as conversion of trivalent Fe 3+ ions to the divalent Fe 2+ state. The smaller the grain size, the more the number of grain boundaries. Thus, the bulk of the resistivity is contributed by the insulating grain boundaries as the ferrite grains are conducting. An increase in sintering temperature results in greater density and grain growth which decreases the porosity and the number of grain boundaries [11] . Since the pores are nonconductive, the charge carriers will face less pores on their way for higher sintering temperature and thereby lead to a decrease in resistivity. In addition to this, with increasing sintering temperature, partial reduction of trivalent Fe 3+ ions to the divalent Fe 2+ takes place. The Fe ions at the A sites contribute little to conduction due to the larger distances between them, but the formation of Fe 2+ ions gives rise to the fact that conduction of ferrite due to electron hopping between Fe 3+ and Fe 2+ ions coexist at the closer spaced B sites in the spinel lattice and, thereby, decrease the resistivity [12] .
The activation energy has been calculated and is shown in Table 1 . It is observed that the activation energy decreases with increasing sintering temperature. The decrease of activation energy with the increase of sintering temperature may be attributed to the fact that at a high sintering temperature, partial reduction of Fe
3+
to Fe 2+ takes place, and these places act as donor center and are responsible for this decrease in activation energy. The conduction mechanism is due to hopping of electron of the types Fe 2+ ↔ Fe
. It can also be seen that samples that have low resistivity have low activation energies and vice versa [13] .
Frequency-dependent dielectric constant for samples sintered at various temperatures has been determined from the experimental capacitance values through the following formula:
where κ is the dielectric constant, C is the measured capacitance, d is the thickness of the sample, є 0 = 8.854 × 10 −12 C 2 N −1 m −2 , and A = пr 2 is the area of the sample. The variations of dielectric constant as a function of frequency for samples NiFe 2 O 4 are shown in Figure 6 . From Figure 6 , it is clear that the dielectric constant decreases rapidly with increasing frequency at lower frequency region and becomes asymptotic to lower values at high frequencies. The decrease of dielectric constant with increasing frequency is a normal dielectric behavior of spinel ferrites. The dielectric dispersion curve can be explained on the basis of Koops' two-layer model and Maxwell-Wagner polarization theory. To interpret the frequency response of dielectric constant in ferrite materials, Koops suggested a theory in which relatively good conducting grains and insulating grain boundary layers of ferrite material can be represented with the behavior of an inhomogeneous dielectric structure [14] , as described by Maxwell [15] . Since an assembly of space charge carries in the inhomogeneous dielectric structure described requires finite time to line up its axes parallel to an alternating electric field, the dielectric constant naturally decreases if the frequency of the reversal field increased. This is in agreement with the observed dielectric dispersion.
The variation of dielectric constant with sintering temperature at frequency f = 100 kHz is shown in Figure 7 . From Figure 7 , it is observed that the dielectric constant (κ) increases with increasing sintering temperature. Dielectric constant in ferrites is contributed by several structural and microstructural factors. The space charge polarization resulting from electron displacement on application of electric field and the subsequent charge build up at the insulating grain boundary is a major contributor to the dielectric constant in ferrites. Therefore, the more the number of Fe 2+ ions in the ferrite, the more the space charge polarization is expected. It is due to the ease of electron transfer between Fe 3+ and Fe 2+ ions and, consequently, higher dielectric constant. Now, with increasing sintering Figure 6 Frequency-dependent dielectric constant. Figure 7 Sintering temperature-dependent dielectric constant. 
Conclusions
The influences of sintering temperature on the apparent density and transport properties of NiFe 2 O 4 were investigated. Enhancement of apparent density has been observed with the increase in sintering temperature. A decrease in resistivity and activation energy with an increase in sintering temperature may be attributed to the microstructural factors such as grain size, porosity, grain boundary area, as well as conversion of 
